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The city of Montpellier in the Languedoc-Roussillon region of France features a fast growing tram network
as a central part of its public service infrastructure. Here, as in many other tram networks, resources
like tracks and stations are shared between different lines. Because of the resulting dependencies, small
inevitable delays can spread through the network and affect its global performance.
This article examines whether a robust tram schedule may help to raise punctuality in Montpellier’s tram
network. To accomplish this, we apply a tool set designed to generate schedules optimized for robustness,
which also satisfy given sets of planning requirements. These tools allow to compare time tables with
respect to their punctuality and other key indicators.
After an introduction to the goals of this paper, we continue with a description of the tool set focusing on
optimization and simulation modules. These software utilities are then employed to generate and simulate
robust and non-robust schedules for Montpellier’s tram network, which are subsequently compared for the
resulting delays.
1 Introduction
The city of Montpellier in southern France is grow-
ing fast, its population has tripled in the last fifty
years (see [6]). As major part of the city’s public
service infrastructure, the Tramway tram network is
provided by Transports de l’agglomération de Mont-
pellier (TAM). The first Tramway line was launched
in 2000, it connects the eastern and western suburbs
to the city center. Since then three more lines com-
menced operation. By now, about 282,000 passen-
gers are served on each weekday (see [17]), which
amounts to about half of the population of Montpel-
lier’s metropolitan area. Three more tram lines are
commissioned, the first of which is planned to com-
mence operation in 2017.
In Montpellier’s tram network, several lines share
resources like platforms, switches and tracks. Be-
cause of the resulting dependencies, small local de-
lays can propagate to succeeding trams, build up to
larger delays, and thus affect the network’s global per-
formance.
In this paper, we explore whether a robust schedule
can help to reduce delays in Montpellier’s Tramway
network. We define robustness as the degree to which
inevitable small delays are kept local to the immedi-
ately affected tram and do not spread through the net-
work. To examine this, we apply a software tool chain
which enables us to generate robust schedules, com-
pare their feasibility and evaluate their punctuality and
other key indicators.
This paper continues with a description of our ap-
proaches on optimization and simulation of tram
schedules (section 2). It then focuses on the model-
ing and simulation of Montpellier’s Tramway system.
Robust and non-robust schedules are generated, sim-
ulated, and compared concerning the resulting delays
(section 3). The paper closes with a short summary of
lessons learned and some thoughts on further research
(section 4).
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Figure 1: Architecture of project CATS
2 Simulation and optimization of
tram schedules
The project “Computer Aided Traffic Scheduling”
(CATS) is built around a database complying with
the ÖPNV5 data model proposed by the association
of German transport companies (Verband Deutscher
Verkehrsunternehmen, see [23]). Visualization, opti-
mization, and simulation modules are connected via
operations on the database and through XML config-
uration files (see figure 1). Due to its compliance with
the ÖPNV5 data model our framework is capable of
working on many European tram networks.
For an in-depth description of the optimization
method, see [21]. A more detailed discussion of the
simulation software can be found in [7].1
2.1 Optimization of tram schedules
Various approaches to optimize tram and railway
schedules are known (see e.g. [1, 3, 4, 5, 9, 10, 12]).
Most of them aim at one general objective like mini-
mizing vehicle delay (see [10, 12]) or maximizing ro-
bustness to restrict the global impact of small, local
disturbances (see [4, 5]). Others use a combination
of objectives, like operational profit and robustness in
[3], or combining social opportunity cost and opera-
tional cost in [11].
Because of the complex nature of the problem, many
authors use heuristic approaches like Lagrangian
heuristics (see [3]) or simulated annealing (see [11]).
Others (see [1]) introduce exact algorithms for re-
stricted subclasses, like chain and spider networks.
In our project, we combine heuristics and exact meth-
ods to generate optimal synchronized time tables for
tram networks, targeting maximal robustness and ad-
1This section is an abbreviated version of [21], section 1.
herence to transport planning requirements at the
same time. Those planning requirements originate
from political, economic and feasibility reasons. Thus
it is not sufficient to exclusively consider a general
goal like robustness when generating time tables.
We use the scheduled time offset between two consec-
utively departing vehicles at a platform as an indica-
tor for robustness. In an assumed tact interval of ten
minutes, two lines could be scheduled with equidis-
tant offsets of five minutes, which means that one or
both involved vehicles could be late for more than
four minutes without consequences for the following
tram. Under an extremely unequal split of the avail-
able time span into a nine minute offset followed by
a one minute offset, the first tram could have a delay
of more than eight minutes without consequences to
the following vehicle. On the other hand, would the
second vehicle be even slightly late, the delay would
spread to the follow-up tram. Since we are assuming
typically small delays, we see an equidistant distribu-
tion as very robust, the occurrence of very small off-
sets as not robust.
So, to calculate the robustness of a time table λ we
examine at each platform h of the network the sched-
uled time offset δ f ,pred( f )(h,λ ) between any trip f and
its predecessor pred( f ), i.e. the time elapsed between
the departures of pred( f ) and f at platform h.
To reduce complexity we aggregate subsequent simi-
lar platforms operated by the same lines to a maximal
platform type h′, weighted by the number of included
platforms ϕh′ (see figure 2). The reduced set of plat-
forms is denoted by H ′.
Figure 2: Example for platform reduction
To calculate the robustness Φa of schedule λ , we add
the inverse of δ f ,pred( f )(h′,λ ) for each platform type
h′ ∈ H ′ and all its trips, thus applying a penalty for
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small safety distances. With f ∈ Fh′ representing all
trips that serve platform type h′ under schedule λ , and
ϕh′ as the number of platforms represented by h′, the
resulting function is as follows:
Φa(λ ) = ∑
h′∈H ′
∑
f∈Fh′
1
δ f ,pred( f )(h′,λ )
∗ϕh′ (1)
Given is a set R of planning requirements, with r de-
noting a single requirement r∈R. In order to calculate
the compliance with transport planning requirements
we introduce ρr(λ ) ∈ {1,2,3,∞} the compliance fac-
tor of requirement r under a schedule λ . A compliance
factor of 1 means that the requirement is completely
satisfied, 2 and 3 denote tolerable compliance, and ∞
means that the constraint is not met and the time table
candidate λ must be rejected. We add the compliance
values for all r ∈ R and get the following:
Φb(λ ) = ∑
r∈R
ρr(λ ) (2)
Depending on the network under consideration and
the number of planning requirements, the two parts of
the objective function may not be comparable directly.
Thus we define a normalizing factor σ , which reflects
the relationship between the lower bounds of both
parts. The theoretically optimal distance δ optf ,pred( f )(h
′)
of two trips pred( f ) and f on platform type h′ is ob-
tained by dividing the tact interval by the number of
serving lines at that platform type. The best possi-
ble compliance factor ρminr of a planning requirement
r ∈ R is the minimal value assigned by the planner,
independent of the characteristics of the examined so-
lution candidate. Typically ρminr =1 . We define σ as:
σ =
(
∑
h′∈H ′
∑
f∈Fh′
1
δ optf ,pred( f )(h
′)
)
/∑
r∈R
ρminr (3)
Combining Φa(λ ) and Φb(λ ) yields the overall ob-
jective function Φ(λ ) (see equation 4), normalized by
σ and weighted by a factor 0 ≤ α ≤ 1, the relative
weight of the fulfillment of planning requirements.
Φ(λ ) = (1−α)∗∑h′∈H ′∑ f∈Fh′ 1δ f ,pred( f )(h′,λ ) ∗ϕh′
+α ∗σ ∗∑r∈Rρr(λ )
(4)
In our experiments, this weight is set to α = 0.5, so
that robustness and the fulfillment of requirements are
equally important.
A valid solution also has to adhere to some other con-
straints. The first restriction requires each start time µi
of each line variant i to be inside the tact interval, with
tinterval being the duration of the interval (see equation
5).
∀i≤ |λ | : 0≤ µi < tinterval (5)
Another restriction requires an offset of at least one
minute between two departures of the trips f and
pred( f ) at each platform type h′ ∈ H ′ (see equation
6). This means that no platform can be blocked by
more than one train at any point of time, the schedule
has to be free of collisions.
∀h′ ∈ H ′ : ∀ f ∈ F : δ f ,pred( f )(h′,λ )> 0 (6)
We identify seven types of transport planning con-
straints: Interval constraints, start time constraints,
core line constraints, bidirectional track constraints,
turning point constraints, warranted connection con-
straints and follow-up connection constraints. Upon
closer inspection (see [20], section 6.2.3) it becomes
clear that interval and start time constraints are funda-
mental and all other constraint types can be expressed
using these two. E.g. a bidirectional track constraint
can be expressed by two interval constraints covering
opposing platforms. Subsequently only interval and
start time constraints are considered in the remainder
of this paper.
The presented model is implemented as a branch-
and-bound solver, which starts with an initial solution
computed by a genetic algorithm for performance rea-
sons. For implementation details see [21] or [20], sec-
tions 6.2.4 and 6.2.5.
2.2 Simulation of tram schedules
Most rail-bound traffic simulation models are de-
signed for long distance train or railway networks, see
e.g. [8, 9]. While those systems feature similarities to
tram networks, e.g. passenger exchange or maneuver-
ing capabilities, they differ significantly in important
aspects. Tram networks are often mixed, i.e. trams
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travel on underground tracks as well as on street level,
and are thus subject to individual traffic and corre-
sponding traffic regulation strategies. Subsequently,
tram behavior is a mixture between train and car be-
havior, e.g. line-of-sight operating/driving. Therefore
a simple adaption of railway simulation methodolo-
gies is not feasible.
Our application is based upon a model-based par-
allelization framework (described in [20] and [22]),
which exploits the embedded model’s intrinsic paral-
lelism. The mixed tram network is modeled as a di-
rected graph with platforms, tracks and track switches
represented by nodes. Connections between nodes are
represented as edges. The distributions for the du-
ration of passenger exchange are specific to platform
and tram type with the combined duration of opening
and closing the vehicle doors as minimum value. Ve-
hicles encapsulate most of the simulation dynamics,
which are based upon the event based simulation ap-
proach (as described in [2]). Thus trams change their
state at events of certain types, like stopping or accel-
erating, which happen at discrete points in time. These
state changes may trigger a change in the over-all sys-
tem state and generate follow-up events, which are ad-
ministrated in a priority queue.
Tram attributes are specified by the type of tram,
which holds functions for the maneuvering capabili-
ties, e.g. acceleration and braking. Main parameters
of the simulation are the maximum driving velocity
vmax, the dawdle probability 0≤ pd ≤ 1 (which maps
the chance that a tram’s driver does not accelerate at
a given moment due to external causes), and the daw-
dle factor d > 1 (which maps the amount of the de-
lay caused by dawdling). For the experiments, these
values are set as pd = 0.3 and d = 1.3. A more de-
tailed description of model and implementation can
be found in [7].
3 Examining Montpellier’s
Tramway network
We apply the described software suite to Montpellier’s
Tramway network (for an overview see figure 3) based
on the time table data of 2013 (gathered from [13],
[14], [15], and [16]). The system consists of 84 sta-
tions with 176 platforms and 46 track switches, con-
Figure 3: Montpellier’s Tramway network
Figure 4: Montpellier’s line routes
nected via 232 tracks (see [19]). These tracks cover a
total length of ca. 56 kilometers, resulting in an av-
erage track length of about 241 meters. 1,215 trips
per operational day are executed on four lines with 24
line routes (see figure 4), about 282,000 passengers
are served on each weekday (see [17]).
3.1 Schedule generation
The schedule implemented by TAM has no global tact
interval, trains serve the routes in varying patterns
through the day. At peak times, lines 1 and 2 are
traversing the city center every four to five minutes,
with changing headway. Line 3 is served every six to
eight minutes, the intervals between consecutive trains
of line 4 are alternating between eight and nine min-
utes. To find an appropriate approximation of this, we
assume a tact interval of eight minutes, and insert ad-
ditional core lines 1A and 2A to double the frequency
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of lines 1 and 2 to four minutes. A set of planning re-
quirements is defined, which can be decomposed to 16
interval constraints. These include the additional core
lines 1A and 2A, and minimum turn-around times at
line ends.
The genetic algorithm is initialized with a population
of 450 randomly generated individuals. The best fit-
ness value of this first generation is 75.55 (average:
83.58, worst value: 95.00). In the course of 500 gen-
erations and a runtime of 313 seconds, the algorithm
finds a best solution candidate with a fitness value
of 75.25 (average: 75.51, worst value: 80.11). The
branch-and-bound solver further enhances the mini-
mal fitness value in the course of a 200 seconds run
down to 75.22, and finds 128 optimum solutions.
3.2 Comparing generated schedules
We pick ten schedules each out of both the pool of ini-
tial solutions and the optimum solution pool and exe-
cute ten simulation runs for each of those 20 sched-
ules. The maximum velocity is set to vmax = 40 km/h,
a compromise between the observed inner city maxi-
mum speed of 30 km/h and the higher speed in some
regions outside the city with exclusive track usage.
The runs under the initial schedules yield an aver-
age delay of all departures of 9.8 seconds. Under
the best schedules the average delay is 8.2 seconds,
which means a reduction of 16.3 percent or 1.6 sec-
onds. The average delay of all delayed departures is
reduced from 25.8 by 2.3 seconds or 8.9 percent to
23.5 seconds.
The frequency distribution of occurring delays was
also collected (see figure 5). Under the optimal sched-
ules, the numbers of delays in each bucket are re-
duced. This effect is especially significant for the
larger delays of more than 60 seconds (see figure 6).
The total number of departures with a larger delay is
reduced from 521.3 under the random schedules by
210.7 departures or 40.4 percent down to 310.6.
As seen, robust schedules reduce the average delay in
the Tramway network, though only by a small amount,
and significantly reduce the number of larger delays.
Under optimum schedules with their better distributed
time offsets, many small delays can be made up for
fast and do not spread to consecutive departures. A
Figure 5: Frequency distribution of delays
Figure 6: Frequency distributions of larger delays
higher robustness can thus help to reduce the number
of larger delays by preventing inevitable small delays
from accumulating over the simulation run.
To take a more detailed look at the model’s behav-
ior, we pick a typical schedule A (see table 1) with an
objective function value of 92.69 from the genetic al-
gorithm’s initial pool of valid solution candidates, and
a schedule B (see table 2) from the pool of best solu-
tions. We examine both schedules by executing 100
simulation runs each and comparing the results.
Line/Route 1 1A 2 2A 3 4
01 0 6 3 1 7 3
02 5 3 3 1 6 2
Table 1: Scheduled departures at the routes’ starting points
under schedule A
233
A robust schedule for Montpellier's Tramway network
Line/Route 1 1A 2 2A 3 4
01 6 1 4 0 1 5
02 3 7 7 3 0 5
Table 2: Scheduled departures at the routes’ starting points
under schedule B
Figure 7: Average delay of lines
On average, schedule A yields a line delay of 8.7 sec-
onds, which is reduced under schedule B by 17.2 per-
cent or 1.5 seconds to 7.3 seconds. The only line that
yields a significantly lower delay under the optimum
schedule is line 2, with a reduction of 24.3 percent
from 21.6 to 16.3 seconds (see figure 7).
To examine this, we take a closer look at trips 3 and 4
of tram 2005 (see figure 8), which serves the shorter
routes 205 and 206 of line 2A. While the measured
delays at several platforms vary, the most obvious dif-
ferences are found in the regions of the town center
around Corum (COR, see figure 3) and Gare Saint-
Roch (GSR).
Figure 8: Average trip delays of tram 2005 serving line 2A
Figure 9: Average delays at platforms of trip 3 of tram 2005
Figure 10: Average delays at platforms of trip 4 of tram
2005
Serving trip 3 in the direction of Sabines (see figure 9),
trams of line 2A enter an array of switches they share
with lines 1, 1A, 2 and 4 after the departure at Corum.
Under schedule A, the vehicle has to wait to access
these common resources, and cannot regain the result-
ing delay until after the stop at Nouveau Saint-Roch
(NSR). Under schedule B with its better distributed
time offset, these resources are instantly accessible to
the tram.
On the return trip in the direction of Notre-Dame de
Sablassou (see figure 10), the tram has to navigate
four consecutive switches between the stations Ron-
delet (RND) and Gare Saint-Roch. It shares some of
these switches with all other lines. Under the random
schedule A, the vehicle gets behind a tram serving line
1, although it is scheduled to precede it by one minute.
It therefore has to wait for that tram to clear the Gare
Saint-Roch platform and thus gets a delay of about 80
seconds. It can start to regain the delay after lines 1
and 2 split course before Corum station.
As described, only line 2 (and its companion line 2A)
shows a significantly lower delay under the robust
schedule B, the other lines yield the same values un-
der both schedules. Lines 1 and 4 run in parallel for a
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while, then part way and rejoin after sections of differ-
ent track lengths and planned driving times (see figure
3). Because of this, and considering that the optimizer
can only generate valid schedules with a time offset
of at least one minute at each platform, these lines are
locked in relation to each other under all valid sched-
ules. There is no way the optimizer can generate a
better (or worse) schedule concerning these two lines.
The same applies to the combination of lines 3 and 4:
These are also locked under any valid schedule.
This phenomenon does not occur with line 2, which
runs parallel to lines 1 and 4, but only in one con-
tiguous section each. It does then split from these
lines but does not rejoin them later. These lines are
therefore not locked, the optimizer can schedule line
2 more freely.
The experiments show that the application of a ro-
bust schedule can help to reduce delays in Montpel-
lier’s tram network. They also show that robustness
has its main impact in those regions of the networks
where resources are shared by most line routes. In the
Tramway network these regions are switch arrays near
the stations Gare Saint-Roch and Corum.
3.3 TAM’s applied schedule
To complete the picture of Montpellier’s Tramway
network, we also examine the schedule applied by
TAM at the time of this writing. Because it adheres
to no common tact interval and comprehends plan-
ning requirements unknown to the authors, the results
cannot be compared directly to the generated sched-
ules. Therefore, no insights about special traffic phe-
nomenons should be assumed.
As described in section 3.1, TAM’s schedule has no
common tact interval. Therefore, the numbers of the
started trips per hour deviate in the sample period of
08.00 to 16.59 (see figure 11) from their counterparts
of the generated schedules.
The data gathered by executing 100 simulation runs
with the described parameters shows TAM’s sched-
ule to be in general range with the generated sched-
ules. The average delay of departures of 8.1 seconds
is slightly smaller than the value yielded by schedule
B, and 1.7 seconds smaller than that of schedule A.
The average delay of delayed departures has a value
Figure 11: Number of started trips per hour
Figure 12: TAM’s applied schedule - Frequency distribu-
tion
of 24.4 seconds and is therefore splitting the distance
between schedule A (25.8 seconds) and schedule B
(23.5 seconds). The number of larger delays is 314.4,
on about the level of schedule A’s value.
The frequency distribution shows that TAM’s sched-
ule yields a lower number of small delays, which are
compensated by a higher number of delays of more
than 70 seconds (see figure 12).
TAM’s schedule yields line delays which are compa-
rable to the values resulting from the generated sched-
ules (see figure 13): line 1 has the same value under
all three schedules, line 2 lies between the values of
schedules A and B, lines’ 3 and 4 delay values are a
bit higher than their counterparts.
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Figure 13: TAM’s applied schedule - Average delay of lines
4 Conclusions and further re-
search
This article showed an approach to examine the influ-
ence of robustness on a tram network. To accomplish
this, we applied optimization and simulation tools
designed to evaluate schedules optimized for robust-
ness. These software utilities were employed to gen-
erate and compare robust and non-robust schedules for
Montpellier’s tram network, demonstrating that a ro-
bust schedule can indeed help to reduce delays in the
Tramway network. The experiments showed that the
main improvements center in those regions of the net-
works where resources are shared by most line routes.
In the presented case these regions are the switch ar-
rays near the stations Gare Saint-Roch and Corum.
Montpellier’s Tramway network is expanding: a line 5
is currently being built and will connect the fast grow-
ing suburbs in the north and west to the inner city (see
[18]). Supporting a rerouted line 4, this line will com-
plete the ring track around the historical city center.
Line 5 is planned to commence operation in 2017. The
city of Montpellier already commissioned lines 6 and
7, their exact routes are still under consideration. Our
model will be expanded with representations of these
lines, the resulting model’s behavior will be analyzed
and compared to the existing model’s.
We also plan to analyze under which general circum-
stances a robust schedule will increase punctuality in a
tram network. The presented results of Montpellier’s
Tramway and of our hometown Cologne’s KVB net-
work (see [21]) will be utilized as a base for this.
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